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Highway bridges provide a critical lifeline during extreme seismic events and must 
maintain serviceability under a large range of earthquake intensities. Consequently, the advent of 
more computational power has allowed more advanced analysis approaches for predicting 
performance and vulnerability of highway bridges under these seismic loads. In traditional two-
dimensional finite element analyses, it has been demonstrated that the incidence angle of the 
ground motion can play a significant role in structural response. As three-dimensional nonlinear 
time history analyses are used more frequently in practice, ground motions are still usually 
applied along a single bridge axis. It is unknown how three orthogonal components of ground 
motion excitation should be applied to the structure to best represent the true response.   
In this study, the fundamental behavior of three-dimensional ground motion was studied 
using single-degree-of-freedom elastic spectra. Mean spectra computed from various orientation 
techniques were found indistinguishable when the orthogonal components were combined. The 
effect of incidence angle on the nonlinear structural response of highway bridges was then 
investigated through extensive statistical simulation. Three different bridge models were 
employed for this study implementing a suite of 180 multi-component ground motion records of 
various magnitude-distance-soil bins. Probabilistic seismic demand models for various response 
parameters are presented comparing the effects of random incidence angle to that of recorded 
directions. Although there are instances where the angle of incidence can significantly amplify 
response, results indicated that incidence angle had negligible effect on average ensemble 
response. This is consistent with results from the spectral analysis, although existing literature 
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CHAPTER ONE: INTRODUCTION 
 
Seismic design of structures has been an important area of research amongst scientists 
and engineers due to the complexity and uncertainties involved with the interaction between 
structures and seismic events.  In the past, simplistic design methods such as dynamic response 
spectra were used to determine peak responses for a structure with a given natural frequency. 
This has widely been accepted practice for symmetric structures where multi component 
earthquake excitation poses negligible effect on the response. However, certain special structures 
are considered to be sensitive to multi-component excitation. These structures include reactor 
towers, dams, pipelines, tall structures, structures with energy dissipation systems, and long span 
bridges. Asymmetries in mass, stiffness, or damping as well as strict design criteria make these 
types of structures susceptible to three-dimensional excitation.  
To design these types of structures, it is recommended that time history analysis be 
performed under a series of “expected” design earthquakes where the principal components of 
the ground motion are directed along the principal axes of the structure. According to FEMA 450 
(2003), it is required that at least 3 ground motion records be used for time history analysis. 
When this procedure is used, the maximum response values from the suite of ground motions can 
be used for design. However, it is deemed advantageous to use a ground motion suite of at least 7 
earthquake records because mean values of response can be used to calculate design criteria. 
This results in a reduction of the required design capacity and is justified through more accurate 
forecasting of dynamic behavior. One problem with this approach is that “expected” design 
earthquakes are typically generated by scaling existing acceleration records to a peak ground 




ground acceleration is typically calculated through a combination of orthogonal components of 
historical motions and may not truly capture a forecasted seismic event.  
It is becoming more evident that for critical lifelines, simplistic design approaches such 
as spectral analysis and LRFD don’t offer the best forecasting of structural behavior over their 
service life. For this reason, performance based earthquake engineering (PBEE) is being more 
utilized in seismic design  to better predict structural performance in terms of probable cost to 
clients and stakeholders. Although it is a better tool for forecasting seismic performance, it is 
avoided by design offices due to the increased computational and analytical effort. This increase 
in effort is owed to the fact that multiple nonlinear time history analyses must be computed to 
collect enough data to make a statistical prediction of performance. However, due to the advent 
of computational power and tools, this approach is becoming more feasible for design. For this 
reason, three-dimensional dynamic analysis needs to be investigated further to more fully 
understand its effects. The earthquake incidence angle and nonlinear behavior can lead to 
amplified three-dimensional structural response. Therefore, it is important to study the effects of 
random earthquake incidence for nonlinear bridge models.   
In this research, three highway bridge models were analyzed under a suite of multi-
component earthquake excitations to determine if incidence angle played a major role in 
response. A preliminary study computing single-degree-of-freedom (SDOF) elastic spectra for 
various incidence angle approaches provided a foundation for this research. Furthermore, multi-
degree-of-freedom (MDOF) coupled surface spectra are computed to investigate the effects of 
orthogonal coupling on dynamic systems. However, the breadth of the research involves using 
probabilistic seismic demand models (PSDMs) to quantify the effect of earthquake incidence 




performed using a high level bridge analysis tool called Bridge Command Language (BCL). To 
randomly select incidence angles, the originally recorded directions as well as a Latin Hypercube 
Sampling is employed for an ensemble of 180 ground motion records. This ground motion suite 
was further broken down into equally balance magnitude-distance-soil type bins. A secondary 
investigation of how sample size affects the trending constants to best fit PSDM scatter data was 
performed.  Lastly, sufficiency plots are presented to illustrate that no biases were formed from 





CHAPTER TWO: LITERATURE REVIEW 
 
 A certain class of structures sensitive to simultaneous three-dimensional seismic 
excitation has motivated extensive amounts of research into the three-dimensional dynamic 
analysis of structures. Structures that have been shown to fit into this class include 3-D piping 
systems, nuclear power plants, highway bridges, and dams (Penzien and Watabe, 1975). These 
structures are sensitive as a result of being highly unsymmetrical or massively rigid. Unbalanced 
symmetry can accrue from either mass, stiffness, damping, or strength eccentricities. These 
eccentricities will induce torsional seismic response which is believed to cause considerable 
damage (Rigato and Median, 2007). 
 For ground motion records consisting of three orthogonal components, Penzien and 
Watabe (1975) developed a method to determine the principal axes of motion where the 
components are considered to be most uncorrelated. The concept of principal axes of ground 
acceleration records has spurred much research into multi-component analysis of three-
dimensional structures. Watabe et al. (1980) simulated 3-dimensional response of structures 
under principal directions as well as synthetically generated ground motion records for 
comparison. Wilson and Button (1982) implemented the principal directions of ground motion to 
determine an equation of critical incidence based on the spectral response. However, the 
equation of critical incidence was based on one dimensional analysis of the principal major 
component. In addition, the orthogonal component is calculated simply by multiplying the 
principal major component by a scaling factor. Furthermore, the complete quadratic combination 




 The concept of a closed form equation to determine the critical angle of incidence for 
spectral response continued to be a popular research area because of its applications to seismic 
design codes. Gonzalez (1992) proposed a method for determining the critical angle of incidence 
for each mode of vibration. These maximum modal responses can then be combined using the 
square root of the sums squared producing more accurate results. Wilson, Suharwardy, and 
Habibullah (1995) expanded on previous work (Wilson and Button, 1982) to recommend the 
100/30 and 100/40 combination rules to predict orthogonal effects for seismic building codes. 
Lopez and Torres (1997) improved upon the critical incidence angles aforementioned to account 
for correlation effects of the ground motion record. Lopez, Chopra, and Hernandez (2000) have 
developed the most recent closed form equation for critical angle implementing the CQC3 
combination rule with statistical correlation effects of the ground motion. Additionally, an upper 
bound for response maxima have been developed for this closed form proof of the angle of 
incidence with respect to the square root of the sums squared combination. Further studies 
looking at response envelopes with respect to earthquake incidence angle have been conducted 
by Menun and Der Kiureghian (2000) and Menun (2004).  
Mohraz and Tiv (1994) studied the effects of various types of incidence angles on the 
response single storey frames with asymmetric and symmetric structural properties. The 
recorded, principal, epicentral, and absolute peak acceleration directions were employed for this 
study. It was shown that for single-degree-of-freedom elastic systems simulated over a suite of 
motions, the angle of incidence had no considerable effect on response. In addition, the 
sensitivity of single storey space structures to angle of incidence was found to be proportional to 
its flexibility with stiff structures being less sensitive. Lastly, when structures were considered 




To address deficiencies in the spectral analysis method, Sutharshana and McGuire (1988) 
proposed a method of scaling an elastic response spectrum by the overall system ductility to 
develop an inelastic response spectrum. The use of the complete quadratic combination (CQC) 
rule to combine the modal contributions is utilized to provide more accurate predictions of the 
response maxima. This inelastic response spectrum could then be employed with the same 
methods used for linear spectral analysis but with greater accuracy.  
The aforementioned literature has provided the building blocks for research into the 
effects of ground motion incidence angle on three-dimensional structures. This research has 
clearly affected the design of earthquake resistant structures and has influenced worldwide 
building codes including FEMA 350, FEMA 368, and FEMA 445. However, simplified analysis 
approaches were taken based on spectral response and linear elastic systems. With increased 
competition in the construction sector and the advent of low cost computing, performance based 
engineering is being employed into more building projects to better forecast structural 
performance. This requires more accurate modeling procedures incorporating nonlinear time 
history analysis of space structures. 
To study the effects of incidence angle on nonlinear coupled systems, Shakib and Datta 
(1993) performed time history analysis for a suite of 30 artificially generated ground motion 
records. Single storey frame structures with varying mass and stiffness eccentricities were used 
for this study. For modeling this structure type, a 48 degree of freedom model was simplified to a 
3 degree of freedom model of the two orthogonal translations and 1 rotation. Results showed that 
system ductility was moderately affected by the angle of incidence and a large amount of column 





Liang and Lee (2003) performed and extensive study on the effects of principal axes on 
multi-degree-of-freedom systems. This includes structural principal axes of stiffness, mass, and 
damping as well as principal axes of ground motion records. One focal point of this study was to 
understand the transfer of energy along the perpendicular axes of the structure, known as cross 
effect. A formulation to determine the principal axes of a multi-degree-of-freedom structure is 
presented which is useful in determining if the structure will exhibit cross effect. Results showed 
that cross effects from multi component earthquake excitation can cause amplification in the 
structural response. 
The most current research studying the effects of earthquake incidence was published by 
Rigato and Medina (2007).  In this study, nonlinear time history analysis of three-dimensional 
single storey frames was simulated for varying earthquake incidence angles under a suite of 39 
pairs of horizontal ground motion. Each major component of this ground motion ensemble was 
scaled to the 5% damped pseudo acceleration at the first natural period of the structure. The 
minor component was scaled proportionately relative to its major component. Results showed 
that inaccurate assessments of structural response can be made if principal axes of ground motion 
records are solely used. Furthermore, it was determined that the angle of incidence can vary 
greatly depending on the engineering demand parameter and the degree of system inelasticity. 
The past work on studying the effect of earthquake incidence angle has progressed from 
purely theoretical work of elastic systems to more statistical approaches using inelastic analysis. 
Although there are advantages of scaling ground motion records, past work has failed to look at 
the effects of nonlinear response to a non scaled ground motion suite. This is an area that should 
be looked at because scaling ground motion records can take away from the true stochastic 




number of ground motion records used, the magnitude and site distance of the record, as well as 
the soil type should be looked at. The nonlinear modeling approaches taken previously used 
simplified techniques such as approximate hinge models take from the building code (Rigato and 
Medina, 2007). This suffices for simplistic structures where plastic regions can easily be 
predetermined.  However, more accurate nonlinear modeling should be implemented to present 
the most accurate results for a research topic. 
 
Open System for Earthquake Engineering Simulation (OpenSEES) 
OpenSEES is an open source research software developed by the University of California 
at Berkeley for the modeling and analysis of structural and geotechnical engineering problems 
pertaining to earthquakes. Its methods are based on the finite element approach presented by 
Cook et al 2002. Its extensive libraries of material models, elements, and solution algorithms 
make it a very powerful tool for analyzing nonlinear dynamic systems. It also contains toolboxes 
for conducting reliability analysis which is very useful for performance based engineering 
problems. Lacking a graphical user interface, it instead reads input files written in the tool 
command language (TCL) for running analyses. For this research, OpenSEES will serve as the 
primary processing system for running nonlinear dynamic bridge analyses. Various researchers 
have implemented this software to perform advanced bridge analysis (Scott, Kidarsa, and 
Higgins, 2007; Elgamal, Yan, and Yang, 2008) as well as performance based engineering (Scott 





Bridge Command Language (BCL) 
The Bridge Command Language (BCL) is a higher-level bridge analysis tool based off of 
the OpenSEES open-source framework written by Professor Kevin Mackie at the University of 
Central Florida. BCL was originally created to develop an efficient method for building 
nonlinear bridge models to perform component based fragility analysis. It currently employs a 
bridge generation algorithm to construct bridge models from a user defined library of bridge 
building blocks. Each building block represents common components of bridge models such as 
abutments, diaphragms, bearings, bents, decks, foundations, columns, and hinges. These libraries 
of building blocks contain the necessary input parameters for OpenSEES analysis and can be 
easily expanded to fit new cross sections and materials as needed. Furthermore, BCL provides 
higher-level analysis abstractions to automate different analysis approaches such as modal, 
pushover, transient, and hybrid simulations. These tools allow the easy implementation of 









CHAPTER THREE: METHODOLOGY 
 
 
Ground Motion Suite 
To perform this study, an ensemble of 160 ground motion records from the Pacific 
Earthquake Engineering Research (PEER) Center strong motion database were employed. Each 
ground motion record consists of three orthogonal components; where two of these components 
are oriented along the horizontal and the third is oriented vertically. The ground motion 
ensemble was selected to generate four equally balanced magnitude-distance bins for National 
Earthquake Hazards Reduction Program (NEHRP) soil classification types C and D. The ranges 
for shear wave velocity over 30m for NEHRP soil types C and D are 360–760 and 180–360 
respectively. An earthquake magnitude of 6.5 was used to distinguish between large magnitude 
and small magnitude strong ground motions. Furthermore, a distance of 30km was used to 
distinguish between strong ground motions of large range and short range. Figure 1 and Figure 2 
represent the dispersion of ground motion records in terms of magnitude-distance bin and soil 
type. An additional suite of near fault ground motions was employed for nonlinear bridge 














Ground Motion Incidence Angle 
 To study the effects of ground motion rotation, the two horizontal components of ground 
acceleration 𝑢 𝑔1(𝑡) and 𝑢 𝑔2(𝑡) will be rotated and resolved to the structural degrees of freedom. 
This is represented by Figure 3 below. If assumed that 𝑢 𝑔1(𝑡) and 𝑢 𝑔2(𝑡) are initially directed 
along the longitudinal and transverse degrees of freedom of a bridge, XL and XT respectively, a 
counter clockwise rotation 𝜃 of the ground motion components can be resolved to equivalent 
ground motion components along the axes of the structural degrees of freedom, 𝑢 𝑆1(𝑡) and 
𝑢 𝑆2(𝑡). The transformation matrix TEq shown in Equation 1 and expanded in Equation 2 is used 
to perform this operation and is based solely on geometry. Note that in equation 2, 𝑢 𝑔3(𝑡) and 
𝑢 𝑆3(𝑡) represent vertical motion which is not affected by planar rotation. 
 













 =  
cos𝜃 − sin𝜃 0






  (2) 
 
 A similar approach often used in the literature (Safak and Bendimerad, 1988; Mohraz and 
Mehran, 1994; Menun and Der Kiureghian, 2000; Liang and Lee, 2003) to study ground motion 
incidence angle is to rotate the structure and transform the original ground motion components to 
the rotated structural degrees of freedom. This is depicted in Figure 4 below and uses the 
transformation TSt shown in Equations 3 and 4. TSt is simply the inverse of TEq and could also be 
thought of as the clockwise rotation of ground motion with respect to a stationary structure. 
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cos 𝜃 sin𝜃 0






  (4) 
 
Principal Angles of Excitation 
The principal angles of excitation were computed for each of the 160 ground motions 
used in this study. To determine the principal angles of acceleration for a earthquake acceleration 
record with two orthogonal components, the mean acceleration 𝑎  of each acceleration vector 
𝐚(𝑡) must be calculated and subtracted from the original acceleration vector for a selected time 
interval of the record. The covariance matrix 𝐂 of these two calculated vectors is then computed 
using the following equation 
 𝐶𝑖𝑗 =   𝒂𝑖(𝑡) − 𝑎𝑖   𝒂𝑗 (𝑡) − 𝑎𝑗   𝑡𝑎
𝑡𝑏  (5) 
 
where i and j represent the two orthogonal components of ground acceleration, ta represents the 
initial time step of the the interval studied, and tb represents the final. Eigen system analysis is 
then performed on the computed covariance matrix C and the eigen vectors of this system will 
represent the principal directions for the earthquake record under the studied time interval. The 
square root of the eigen values will give the acceleration magnitude of the principal components. 
This depiction of the covariance equation is used for two horizontal acceleration components 
resulting in a 2x2 covariance matrix. If the principal components for all three orthogonal 
components of excitation were to be considered, the covariance equation would include another 




three principal components as opposed to two with the minor component typically aligned in the 
vertical direction. In lieu, the same steps can be performed to determine the principal directions 
of velocity and displacement records.  Figure 5 shows the principal velocity component of the El 
Centro record for various time domains. Although the principal components for this example 
show very similar directions for each time domain, this is not always the case and resulting 
principal directions can occur in opposite quadrants. 
 
 
Figure 5 - Principal Velocities (cm/s) for El Centro Record 
 
This method of determining the principal angles is time domain dependent and the time 
domain chosen can significantly effect the result. It was shown that using the entire acceleration 
duration would produce principal directions similar to that of the epicentral direction (Penzien, 




interval to determine each principal angle. Arias 5-95 duration is a measure of the period 
between which 5% and 95% of the cummulative sum of the Arias Intensity has occured. This 
method is used to filter out noise that typically occurs at the beginning and end of earthquake 
acceleration records. Arias Intensity can be defined as the integral of the square of the 
acceleration vector over the ground motion duration with respect to time as represented in 
Equation 6. 
 






Figure 6 illustrates the Arias 5-95 duration (tA595) for  the E-W  component of the Hector Mine 
earthquake acceleration record of 1999. The peak ground acceleration for this record was 0.15g 
and was recorded at the Joshua Tree station.  
 





Latin Hypercube Sampling 
 Latin Hypercube Sampling is a random sampling technique which reduces the simulation 
cycles needed to achieve confident accuracy levels as compared to the traditional Monte Carlo 
simulations. The technique intelligently selects samples to create a uniform distribution of data 
using a relatively small sampling size. Ayyub and Lai (1989) illustrated how Latin Hypercube 
Sampling could be advantageous in structural reliability assessment as compared to Monte Carlo 
simulation and Antithetic Variates Variance Reduction Techniques. For this research, Latin 
Hypercube Sampling was taken for the parameters of earthquake record and incidence angle 
occuring between 0 and 180 degrees. Other ranges of angles were not used since their effects 
would mirror that of the range selected. Figure 7 illustrates the cummulative distribution plot for 
a Latin Hypercube Sample of incidence angles between 0 and 180 degrees. 
 
 





Single-degree-of-freedom elastic response spectra 
 Before performing nonlinear time history analyses on full scale analytical bridge models, 
it is important to study the effects of ground motion rotation on simplified systems. To achieve 
this, spectral analysis is performed for a suite of 160 earthquake records rotated in 15 degree 
increments from 0 to 180 degrees. Rotations in the ranges from 180 to 360 degrees were 
neglected because they produce mirror results to that of the 0 to 180 degree range based on 
geometry. Each simulation of the spectral response uses uncoupled elastic analyses of the 
longitudinal and transverse degrees of freedom. Newmark’s average acceleration method was 
used for each dynamic time history analysis in the spectral analysis. This method was used 
because it is unconditionally stable for all values of natural period and time step size. 
Henceforth, allowing fewer restrictions for numerical analysis while still maintaining numerical 
accuracy. Algorithms for this method can be found in Chopra, 2007. Mass and stiffness 
characteristics are normalized with regards to each natural period and pseudo response spectra 
for velocities and accelerations are computed based on their relationship to the displacement 
response.  
 Due to the fact that the response of two single-degree-of-freedom systems are computed 
to determine the response spectra, different combination rules should be used to determine the 
combined total of the system response. Consequently, because the response maxima from each 
degree of freedom is not combined at each instantaneous moment in time domain, the square root 
of the sums squared (SRSS) may not produce an accurate measure of the combined response. For 
this reason, the geometric mean (GM) was also computed in this study for comparison. The 
arithmetic mean was taken for the spectral response value over the entire suite of ground motions 




spectrum for this combination study was neglected because its response remains constant for 
each incidence angle rotation. 
 
Summary of Elastic Spectra Study 
1. Compile a suite of multi-component ground motions records for the various magnitude-
distance-soil bins. 
2. Rotate the horizontal components of the ground motion suite using an associated rotation 
type. 
3. Perform time history analysis using Newmark’s average acceleration method for a series 
of selected natural period values and damping ratio. 
4. Compute response spectra for each horizontal component separately and combine the 
spectral response using the GM and the SRSS.  
5.  Obtain the arithmetic mean of all the spectral responses for the various input conditions 
to determine mean spectra. 
 
Multi Degree of Freedom (MDOF) Oscillator 
 To gain a better knowledge of the effects of multi-component excitation, coupled multi-
degree-of-freedom analyses were conducted. To perform coupled analysis of a two degree of 
freedom system in which the two degrees of freedom act orthogonally to each other, the stiffness 






𝐊 =  
𝑘1 + 𝑘2 −𝑘2
−𝑘2 𝑘2
  (7) 
 
 
𝐌 =  
𝑚1 0
0 𝑚2
  (8) 
 
The natural frequencies (λ) can be determined for this system through Eigen analysis of equation 
9. 
 Det 𝐊 − 𝛌𝐌 = 0 (9) 
 

















Normalizing the mass terms where m1 is equal to one and m2 is equal to be an unknown variable 
α, the stiffness terms can now be solved for in terms of the two natural periods of the system. 
These results are depicted by equations 12, 13, and 14 for the conditions: k1 > 0, k2 > 0, α > 0, T2 















































This results in a relatively large coupled stiffness matrix valid only under the prescribed limit 
conditions. Newmark’s average acceleration method for multi-degree-of-freedom systems 
(Chopra 2007) is then employed to determine earthquake response values. The two horizontal 
components of each earthquake record are applied to this system separately producing two 
response vectors for each record. The originally recorded orientations were used in this portion 
of the study. Computed relative response values of the system for each excitation direction are 
then combined with the aforementioned combination rules. Furthermore, both the instantaneous 
and non-instantaneous combinations of the spectral response are computed to observe the effects 
of the time domain on response spectrum. Figure 8 illustrates the MDOF system as a lumped 
mass model where u1x an u2x are relative displacements and are combined with their 













 To study the effects of incidence angle on highway bridges, three analytical bridge 
models were employed using BCL for this study. Bridge type 1 is a five span bridge with a two 
cell reinforced concrete box girder deck resting on single column bents.  Figure 9 illustrates an 
analytical model generated in BCL for bridge type 1. Bridge type 2 is identical to bridge type 1 
with the exception of shorter less slender column sections. Bridge type 3 is a six span bridge with 
a seven cell reinforced concrete box girder deck resting on 3 column bents. Furthermore, bridge 
type 3 has varying column height and section where as types 1 and 2 have uniform heights and 
sections. This bridge was used to study the effects of column coupling and wide deck sections. 




suite from the spectral analysis was implemented as well as a bin of near fault records, found in 
Table 13 of Appendix A, to capture more extreme response measures. Many of the bridge model 
elements used for this investigation were adopted from the PEER report written by Ketchum et 















Table 1 – Basic Bridge Modeling Parameters 
Bridge Type 1 Bridge Type 2 Bridge Type  3 
Deck (Elastic): 
 Width: 11.887 m 
 Depth: 1.829 m 
 Center Mass: 1.107 m 
 Divisions: 2 
 E: 27595764.9 kPa 
 G: 11498235.4 kPa 
 Area: 5.72 m2 
 Izz: 2.81 m
4
 
 Iyy: 53.88 m
4
 
 J: 6.033 m4 
Deck (Elastic): 
 Width: 11.887 m 
 Depth: 1.829 m 
 Center Mass: 1.107 m 
 Divisions: 2 
 E: 27595764.9 kPa 
 G: 11498235.4 kPa 
 Area: 5.72 m2 
 Izz: 2.81 m
4
 
 Iyy: 53.88 m
4
 
 J: 6.033 m4 
Deck (Elastic): 
 Width: 20.726 m 
 Depth: 1.129 m 
 Center Mass: 0.683 m 
 Divisions: 8 
 E: 27595764.9 kPa 
 G: 11498235.4 kPa 
 Area: 9.281 m2 
 Izz: 1.994 m
4
 
 Iyy: 316.99 m
4
 
 J: 6.65 m4 
Diaphragm (Elastic): 
 E=27595764.9 kPa 
 G=11498235.4 kPa 
 Area: 1.673 m2 
 Izz: 0.932 m
4
 
 Iyy: 0.932 m
4
 
 J: 1.864 m4 
Diaphragm (Elastic): 
 E=27595764.9 kPa 
 G=11498235.4 kPa 
 Area: 1.673 m2 
 Izz: 0.932 m
4
 
 Iyy: 0.932 m
4
 
 J: 1.864 m4 
Diaphragm (Elastic): 
 E=27595764.9 kPa 
 G=11498235.4 kPa 
 Area: 10.90 m2 
 Izz: 8.102 m
4
 
 Iyy: 290.46 m
4
 
 J: 103.05 m4 
Columns (Nonlinear) 
 Diameter: 1.829 m 
 ρlong: 0.02 
 ρtran : 0.0110 
 Barlong: 11 
 Bartran: 7 
 # long. bars: 52 
 stran: 0.08255 m 
 bundle: 2 
 #Mild Bardeck: 27 
 #Mild Barsoffit: 24 
Columns (Nonlinear) 
 Diameter: 1.130 m 
 ρlong: 0.02 
 ρtran : 0.0159 
 Barlong: 10 
 Bartran: 7 
 # long. bars: 28 
 stran: 0.0889 m 
 bundle: 2 
 #Mild Bardeck: 27 
 #Mild Barsoffit: 24 
Columns (Nonlinear) 2 types 
 Diameter: 0.914, 1.219 m 
 ρlong: 0.03, 0.02 
 ρlong : 0.0157, 0.011 
 Barlong: 9, 10 
 Bartran: 6, 6 
 # long. bars: 30, 28 
 stran: 0.121, 0.121 m 
 bundle: 2, 2 
 #Mild Bardeck: 47, 47 
 #Mild Barsoffit: 47, 47 
 
 
Elastic analysis was implemented for the analysis of the deck sections based on the 
assumption that capacity design would account for the large section forces. Additionally, 
diaphragm elements included at each bent to increase deck connection rigidity were considered 
to behave elastically. Furthermore, an elastic spring foundation was considered to account for the 
soil structure interaction in the bridge model. This spring model includes spring stiffness for the 




abutments of each model were modeled using hinge gap elements. Nonlinear fiber sections were 
used to model the reinforced concrete columns implementing steel02 and concrete02 constitutive 
models from the OpenSEEs materials library. The yield stress and the ultimate strain for the 
reinforcement bars was taken to be 468,843.5 kN/m^2 and 0.14 respectively. The compressive 
strength of the concrete for the columns was calculated to be 34,473.8 kN/m^2. 
 Bridge abutments were analyzed using a spring abutment model developed by Mackie 
and Stojadinovic (2006). This abutment model was chosen because it accounts for all the major 
abutment components including shear keys, bearing pads, gaps, back wall, wing wall, backfill 
soil, and the pile foundation.  Nonlinear uncoupled elastomeric bearing pads implementing an 
elastic-perfectly plastic constitutive model provide longitudinal stiffness until the back wall of 
the abutment is engaged via gap elements. Upon the impact of the deck to the back wall, passive 
earth pressure from the back fill soil as well as transverse pile stiffness is engaged. Transversely, 
the bearing pads, shear keys, wing walls, backfill soil, and pile foundation provide stiffness. The 
constitutive models for these elements excluding the bearing pads are calculated based on 
experimental and design approaches. Vertical stiffness considers the nonlinear stiffness of the 
bearing pads and elastic stiffness of the embankment soil. More detail of this abutment model as 
well as comparisons to more simplified abutment models can be found in the literature (Aviram 
et al. 2008).  
The abutment modeling parameters of mass, soil wave velocity, soil unit weight, and 
backfill slope for all three bridge types was taken as 15,296 kg, 150 m/s, 1760.6 kN/m
3
, and 2:1 
slope respectively. A foundation system using translational and rotational springs was 
implemented having longitudinal, transverse, and vertical translational stiffness of 2.6e5, 1.2e5, 




bridge axes were 3.9e6, 2.0e7, and 1.0e7 kN/radian respectively. One expansion joint modeled 
with a gap element was implemented at each abutment with a gap of 0.1016m. The elastomeric 
bearing pads were also consistent for all three bridge models being placed at the webs of each 
box girder on the abutments. The modeling parameters for the elastomeric bearing pads were 
height, area, modulus of elasticity, shear modulus, and yield stress of 5.08 m, 0.285 m
2
, 34,473 
kPa, 1034.2 kPa, and 15,513.2 kPa respectively.  
Bridge modeling was verified by comparing the moment-curvature and pushover analysis 
of column sections to the calculated plastic moment and displacement capacity demands from 
the PEER report by Ketchum (2004) from where they were taken. The plots for the moment 
curvature and section hysteresis of each column used can be found in Appendix C. Plastic 
moment capacities of the columns between that calculated by BCL and that of Ketchum were 
typically within 15% of each other with smaller differences occurring for the displacement 
capacities. These differences are largely due to variations in constitutive models and techniques 
used to calculate plastic capacities.  
To analyze the output data from the time history analyses, a performance based approach 
is applied. Probabilistic seismic demand models (PSDMs) are generated, relating ground motion 
intensity measures (IM) to an engineering demand parameter (EDP). Power law models, 
employing Equation 15 below, are employed to fit a scatter of data from each PSDM and show a 
general trend through the “cloud” of data.   
 





Upon determining the trend lines for each PSDM, comparisons for incidence angle and bridge 
type can be more readily evaluated. Additionally, to determine if any biases are developed from 
the ground motion sampling techniques, residuals are calculated and plotted against the 
earthquake magnitude as well as the epicentral distance. Residuals can be defined as the 
difference between the actual computed engineering demand parameter from nonlinear time 
history analysis and the engineering demand parameter calculated from the best fit trend for an 
equivalent intensity measure. No bias is considered if the linear trend line of the scatter data 
produces a nearly horizontal line of small slope. Further details and validation of this approach of 
analysis can be found in the literature (Mackie and Stojadinovic, 2001; Mackie and Stojadinovic, 
2003). 
 Sampling size is another considerable factor for determining the accuracy of best fit 
models for PSDMs. Therefore, the coefficient and exponent of the power law model, as well as 
the standard deviation of the scatter data was calculated for random selection size of sampling 
data. These parameters are then plotted against the sample size to show any type of convergence 
trends. This is of importance to evaluate how many samples are needed to accurately predict the 
structural performance for a given intensity measure. Different engineering demand parameters 
should exhibit different sensitivities of convergence. 
 
Summary of Bridge Analysis Procedure 





2. Generate Latin Hypercube Sampling of the incidence angle for each multi-component 
ground motion record. 
3. Generate analytical bridge models in BCL and perform nonlinear time history analysis 
using the entire ground motion suite with no rotation and Latin Hypercube Sampling of 
the incidence angle. 
4. Extract the desired data from the output battery and post process. 
5. Generate PSDMs for various EDPs and IM. Based on these models, determine best fit 
trends using the power law model in Equation 15. 
6. Calculate the standard deviation of scatter data of each PSDM to determine the dispersion 







CHAPTER FOUR: FINDINGS 
 
Elastic Response Spectra 
 Elastic response spectra were computed at 15 degree increments for the 160 record 
ground motion suite excluding the near fault bin, constituting a sample size of 2080. This 
sampling could further be broken down into magnitude-distance and NEHRP soil type bins. The 
response of two orthogonal directions was computed for each earthquake record (T1, T2) and 
combinations of these maxima using the geometric mean (TGM) and square root of the sums 
squared methods (TSRSS) were also computed. Figure 10 through Figure 13 illustrate the mean 
velocity spectra for each incidence angle study for the entire ground motion suite excluding the 
near fault records. Furthermore, complete response spectrum of displacement, velocity, 
acceleration, pseudo-velocity, and pseudo-acceleration can be found in Tables 14-16 of 
Appendix C.  
 
 
Figure 10 – Velocity Spectrum for Originally Recorded Directions (160 samples) 
 












































Figure 12 – Velocity Spectrum for Latin Hypercube Sampling (160 samples) 




























































Figure 13 – Velocity Spectrum for Principal Axes (160 samples) 
 
It was shown that the GM combination produces results comparable to one of the two 
components of response, where as the SRSS presents a more accurate result of the combined 
response. However, it should be noted that these response spectrum are based on combinations of 
the maxima response that do not necessarily occur coincident in the time domain. This may 
result in highly conservative results, but is typically done for computing response spectra. 
Therefore, instantaneous combinations of the response using the SRSS may produce results 
closer to that of the GM of the maxima response. Figure 14 below shows the displacement 
response computed for all 160 ground motions where each line of similar color represents a 
different 15 degree increment for incident angle. This illustrates how the angle of incidence over 
a large suite of records produces little deviation from the mean response. Furthermore, Figure 14 
illustrates how the angle of incidence is more prone to affect response in the sensitive regions for 
an individual component of response. However, this deviation from the mean response is very 
small and when combined using the GM or the SRSS converges toward the mean response.  
 


































Figure 14 – Mean Displacement Spectra for Each Rotation Angle  
 
 The response spectrum using the principal angles and random angles via Latin Hypercube 
Sampling were also computed. Tables 15 and 16 present the response spectrum for these two 
cases as compared to that of the entire 2080 sample size spectra. The spectrum using these two 
methods calculated over the mean showed comparable results to that of the larger 2080 sample 
size spectra. However, the case using principal angles produced much larger response for the 
first component and a much smaller response for the second component when compared to the 
other case studies. This can be expected because the major principal component should be the 
direction of maximum response for elastic systems while the minor principal component should 
produce the smallest response. However, when combined using the GM and the SRSS the 
spectral response converged to that of the mean response of the 2080 sample size spectra. The 




deeming it a useful tool for reducing the number of simulations while capturing the stochastic 
nature of the system.  
 
Coupled Multi Degree of Freedom Response Spectra 
 Surface plots of the multi-degree-of-freedom coupled response spectra were computed 
for both instantaneous and non instantaneous solution sets and are illustrated in Table 2 and 
Table 3. For comparison, the single-degree-of-freedom uncoupled response spectra were also 
plotted. This is a conceivably new concept that has not been studied in the past and has the 
potential to be useful for studying the cross effects of coupled systems. Looking at the 
instantaneous solutions for the GM of displacements, it was shown that the single-degree-of-
freedom spectra response is greater than that of the coupled system for most period 
combinations. However, the coupled response was shown to amplify the response in less 
displacement sensitive regions. When looking at the non instantaneous combinations of this 
response it was evident that the coupled system induces greater response in mostly all regions 
except for that in which the two orthogonal natural periods of the structures are equivalent. 
Analyzing the instantaneous velocity response of the GM, it was shown that the single-degree-
of-freedom spectra produced larger response in the velocity sensitive region while for more 
asymmetric period combinations, the coupled system produced larger response values. The non 
instantaneous combinations produced similar trends for velocity response as it did for 
displacement spectra.  
Comparing the GM combinations of the instantaneous and non instantaneous acceleration 
response spectra, the single-degree-of-freedom spectra produced the largest response when the 




comparably small and the coupled system produced greater response at nearly all of the other 
period combinations. The SRSS combinations produced similar trends to that of the GM with the 
exception of the instantaneous displacement response where the coupled response had more 
significant effects on the system response. It is worth noting that the largest acceleration 
responses were calculated outside of what would normally be the acceleration sensitive zone. 
This shows that system coupling has an opportunity to greatly amplify the structural response. 
The surface spectra are hard to illustrate on 2D paper space, so a back side view of the 
acceleration plot for instantaneous GM as well as the top view of the velocity plot for the non 
instantaneous SRSS are illustrated in Figure 15 and Figure 16. Figure 17 compares the 
instantaneous SRSS, the non instantaneous GM, and the SDOF spectra. From this, it is evident 
that the non instantaneous GM which was originally thought to provide a good estimate of the 
seismic response may underestimate the combined response. It was observed that for 
displacement and velocity response spectra when the first natural period was approximately three 
times that of the second natural period, de-amplification of the coupled response occurred. This 
is clearly shown in Figure 16 where along the T1=3T2 line the SDOF system response is the 
maximum. This is due to an asymptotic de-amplification trend that occurs at these locations as 












Displacement   -GM – Instantaneous Displacement – GM – Maxima Combo 
  











Displacement – SRSS - Instantaneous Displacement – SRSS - Maxima Combo 
  








Figure 15 – Acceleration – GM – Instantaneous backside view 
 
 






Figure 17 – Displacement - Instantaneous SRSS - Non Instantaneous GM - SDOF 
 
Bridge Results 
Probabilistic seismic demand models (PSDM) were generated comparing various 
engineering demand parameters (EDP) for each bridge type under each ground motion bin type. 
The geometric mean of the spectral acceleration (Sa TGM) and the SRSS of the peak ground 
velocity (PGVSRSS) were used as intensity measures for the PSDMs. Trend lines were fitted to 
the scatter data using the power law model of Equation 15. The power law coefficients and 
exponents, as well as the scatter data standard deviation are catalogued in Table 4 through Table 
11 for each bridge type and various engineering demand parameter. These tables are located at 
the end of this chapter. It should however be noted that bridge type 1 was considerably sensitive 
to the Coachella Canal #4 record from the Imperial Valley-06 earthquake event. This data was 
filtered when tabulating the results of this thesis. Figure 18 and Figure 19 illustrate how a rogue 




the result of convergence failure in the simulation and its drift value of approximately one could 
never be achieved in bridge columns without catastrophic failure. However, when the sample 
size is increased to a substantial amount, rogue data will have less of an impact on trend fitting as 
illustrated in Figure 20 for the complete ground motion suite.  Figure 21 shows the same PSDM 
with the data from the near motion bin highlighted to illustrate its location in the trend. 
 
 






Figure 19 - Tangential Drift PSDM (LMLR Soil C) Filtering Rogue Data – 19 Samples 
 
 






Figure 21 - Tangential Drift with Near Bin Highlighted- Type 1 – 180 Samples 
 
Dispersion of data was found more prominent when using the PGVSRSS as compared with 
the Sa TGM for intensity measure. However, column curvature ductility demonstrated relatively 
larger dispersion from Sa TGM as compared with column tangential drift, global shear, and 
displacement ductility for all bridge types. Figure 22 illustrates the larger values of standard 
deviation typical for column curvature ductility, and Figure 23 and Figure 24 compare PGVSRSS 
and Sa TGM as intensity measures for an EDP more representative of typical trends. Column 
global shear produced the smallest values of standard deviation as depicted in Figure 23. This is 
likely because shear forces will behave in a linear fashion until yielding. Furthermore, when the 
plastic shear capacity is reached in the column, very little additional shear force will engage and 
data points will likely cluster closely together reducing dispersion. This type of behavior is 
depicted by Figure 25 where after the intensity measure passes a certain threshold shear enters 




for bridge type 3 and bilinear fitting would be better suited for forecasting. Column residual 
displacement ductility showed the greatest dispersion of data when using Sa TGM as the intensity 
measure. However, the PGVSRSS intensity measure produced results with less dispersion of data 
and a tighter fit trend line. This may be accounted to the conditional nature of residual 
displacement ductility. Figure 26 and Figure 27 represent the PSDM for residual displacement 
ductility of bridge type 2 for both intensity measures. 
 
 






Figure 23 – Global Column Shear PSDM of Complete Suite - Type 1 – 180 Samples 
 
 
















Figure 27 – Residual Disp. Ductility PSDM for Complete Suite - Type 2 – 180 Samples 
 
 
To evaluate the significance of sample size on developing power law models for PSDMs, 
the best fit coefficients, exponents, and the standard deviation was plotted versus sample size. To 
achieve this, random sample sizes of the response data for the complete ground motion suite was 
collected, and fitting data using the power law model was calculated. It was important to use 
random sampling of the data to illustrate a smoother trend of convergence. Furthermore, the 
random sampling used a uniform distribution to ensure that no record was used twice in this 
analysis. Figure 28, Figure 29, and Figure 30 illustrate the typical convergence of trending 
constants and scatter dispersion as sample size increases. A minimum sample size of 20 is used 







Figure 28 – Dispersion of Column Displacement Ductility Data vs. Sample Size (Type 1) 
 
 






Figure 30 – Power Law Exponent of Column Global Shear (Type 1) vs. Sample Size 
 
Best fitting the scatter data with power law models showed that over a large sample of 
well selected motion bins, the effect of incidence angle had very little significance for most 
engineering demand parameters. However, residual demands may not produce quality equations 
of fit based on the conditional nature of residual response. Additionally, when separately 
monitoring each magnitude-distance-soil bin of smaller sample sizes (20 records), results showed 
that the incidence angle did not significantly affect the power law models. Figure 31 illustrates 
the tangential drift PSDM for the complete ground motion suite for each bridge type. This 
illustrates how for large sample sizes of data, bridge type plays a much more prominent role in 






Figure 31 – Comparison of the PSDM for each Bridge Type all Bins – 180 Samples 
 
To study how the various column sections and heights of bridge type 3 affected the 
response, PSDMs were plotted comparing the three different bent responses in Figure 32, Figure 
33, Figure 34, and Figure 34. For both the shear and tangential drift of the various bents, it was 
evident that bents 2 and 3 behaved in a similar fashion and the incidence angle had no significant 
effect for the large sample size. However, bent 3 located closest to the mid length of the bridge 
was found to be slightly more sensitive than bent 2. Bent 1 was clearly the most sensitive bent 
when looking at shear and tangential drift demands. Bent 1 has the smallest aspect ratio so this 
behavior is likely because of the reinforcement detailing. It is interesting to notice that the 
PSDMs for global shear reveal that although the different bent types show differences in 
sensitivity in low intensity regions, they all converge to one point. Again, this is likely because 






Figure 32 – Comparison of Global Shear at Bents – Type 3 – 180 Samples 
 
 
















To measure the effectiveness of the PSDMs, sufficiency models plotting residuals with 
respect to ground record distance and magnitude were generated as shown by Figure 36 and 
Figure 37. The linear trend lines calculated for these figures represent lines approximately 
equivalent to the horizontal confirming that the no biases occurred from sampling or the trending 
model. Similar sufficiency trends were calculated for the other engineering demand parameters 
with the exception of residual displacement ductility. This demand type produces relatively small 
values of slope confirming no biases, but its values of residuals can reach levels as high as 20. 
This indicates that the GM of the spectral acceleration and the SRSS of the peak ground velocity 












Figure 37 - Sufficiency Plot of Tangential Drift for Bridge Type 2 and Sa (TGM) 
 
Comparisons between the principal axes of the horizontal components of ground motion 
and the two horizontal displacements of the bridge columns were made. The same methodology 
used to determine the principal axes for the stochastic ground motion proposed by Penzien 
(1975) was employed for the bridge column displacements. Figure 38, Figure 39, Figure 40, and 
Figure 41 illustrate that the principal direction of column displacement have some relation to 
principal response. However, there are many instances where principal response axes can differ 
largely than the principal ground motion direction as illustrated by Figure 38. This is most likely 
because of model complexities such as strength, stiffness, and damping eccentricities as well as 






Figure 38 – Bridge Type 2 Motion vs. Response Prinicpal Axes for Near #6 Record  
 
 





Figure 40 – Bridge Type 3 Motion vs. Response Prinicpal Axes for Near #6 Record  
 
 








Table 4 – Column Tangential Drift vs. Sa (TGM) Trend Fit Data 
Bin Bridge Type 1 Bridge Type 2 Bridge Type 3 
Original rotation σ a b σ a b σ a b 
All Bins & Near 0.297 0.012 0.97791 0.332 0.015 1.022 0.320 0.030 0.93 
All Bins 0.297 0.012 0.94861 0.318 0.013 0.947 0.307 0.028 0.91 
LMLR 0.312 0.013 0.85896 0.317 0.019 0.995 0.324 0.025 0.82 
LMSR 0.265 0.021 0.93316 0.249 0.020 0.989 0.329 0.037 1.00 
SMLR 0.250 0.021 1.0461 0.383 0.022 1.018 0.288 0.033 0.95 
SMSR 0.215 0.014 0.89705 0.279 0.016 0.843 0.229 0.022 0.80 
NEAR 0.226 0.018 0.95961 0.298 0.026 0.920 0.378 0.036 1.01 
NEHRP C 0.274 0.016 0.97369 0.297 0.019 0.974 0.257 0.030 0.93 
NEHRP D 0.262 0.019 1.007 0.330 0.018 0.937 0.343 0.030 0.89 
Latin Hypercube σ a b σ a b σ a b 
All Bins & Near 0.309 0.013 0.98664 0.354 0.015 1.033 0.299 0.030 0.94 
All Bins 0.307 0.011 0.94799 0.337 0.013 0.952 0.292 0.028 0.91 
LMLR 0.323 0.014 0.84383 0.307 0.018 0.987 0.324 0.024 0.79 
LMSR 0.266 0.017 0.88015 0.257 0.019 0.929 0.329 0.035 0.95 
SMLR 0.266 0.022 1.0672 0.368 0.026 1.078 0.288 0.030 0.92 
SMSR 0.198 0.016 0.93228 0.321 0.015 0.827 0.229 0.025 0.87 
NEAR 0.270 0.018 0.94897 0.317 0.026 0.963 0.378 0.036 0.94 
NEHRP C 0.261 0.017 0.95306 0.336 0.018 0.920 0.257 0.028 0.89 
NEHRP D 0.287 0.018 0.95302 0.315 0.019 0.957 0.343 0.031 0.91 
 
Table 5 – Column Tangential Drift vs. PGV (SRSS) Trend Fit Data 
Bin Bridge Type 1 Bridge Type 2 Bridge Type 3 
Original rotation σ a b σ a b σ a b 
All Bins & Near 0.399 0.00013 1.05 0.388 0.0002 1.050 0.392 0.00041 0.99 
All Bins 0.409 0.00013 1.03 0.421 0.0002 0.998 0.404 0.00043 0.98 
LMLR 0.306 0.00023 0.99 0.355 0.0003 1.012 0.332 0.00052 1.31 
LMSR 0.404 7.09e-5 1.31 0.381 0.0001 1.310 0.404 0.00014 1.01 
SMLR 0.485 0.00017 1.14 0.314 0.0003 1.043 0.459 0.00046 0.97 
SMSR 0.409 0.00014 1.09 0.339 0.0002 1.094 0.363 0.00042 1.05 
NEAR 0.274 0.00030 0.92 0.218 0.0004 0.978 0.211 0.00036 0.99 
NEHRP C 0.444 0.00020 1.02 0.368 0.0003 1.074 0.405 0.00045 0.99 
NEHRP D 0.400 0.00016 1.09 0.345 0.0003 1.033 0.408 0.00042 0.98 
Latin Hypercube σ a b σ a b σ a b 
All Bins & Near 0.413 0.00013 1.05 0.416 0.00021 1.056 0.289 0.00041 1.00 
All Bins 0.426 0.00014 1.02 0.398 0.00024 0.996 0.387 0.00042 0.98 
LMLR 0.332 0.00025 0.96 0.339 0.00032 1.012 0.375 0.00060 0.90 
LMSR 0.329 0.00011 1.19 0.379 0.00015 1.224 0.384 0.00018 1.25 
SMLR 0.511 0.00017 1.15 0.332 0.00031 1.070 0.420 0.00046 1.00 
SMSR 0.395 0.00013 1.15 0.341 0.00026 1.106 0.361 0.00031 1.08 
NEAR 0.225 0.00027 0.95 0.205 0.00033 1.035 0.211 0.00058 0.94 
NEHRP C 0.405 0.00019 1.05 0.329 0.00030 1.064 0.357 0.00046 0.98 






Table 6 – Column Displacement Ductility vs. Sa (TGM) Trend Fit Data 
Bin Bridge Type 1 Bridge Type 2 Bridge Type 3 
Original rotation σ a b σ a b σ a b 
All Bins & Near 0.345 2.271 0.905 0.373 4.419 0.963 0.387 5.81 0.881 
All Bins 0.336 2.054 0.860 0.355 3.774 0.875 0.372 5.43 0.848 
LMLR 0.314 1.703 0.752 0.270 4.483 1.007 0.310 5.86 0.818 
LMSR 0.248 2.778 0.969 0.256 4.609 0.969 0.348 8.36 0.977 
SMLR 0.298 1.923 0.831 0.316 4.489 0.913 0.297 7.48 0.926 
SMSR 0.369 1.811 0.764 0.404 3.041 0.721 0.219 5.41 0.783 
NEAR 0.371 2.852 0.964 0.331 6.095 1.092 0.350 8.26 1.052 
NEHRP C 0.324 2.026 0.837 0.342 4.079 0.908 0.265 6.82 0.901 
NEHRP D 0.311 2.332 0.891 0.314 3.969 0.870 0.334 7.05 0.883 
Latin Hypercube σ a b σ a b σ a b 
All Bins & Near 0.374 2.341 0.916 0.374 4.644 1.056 0.353 6.04 0.893 
All Bins 0.369 2.074 0.860 0.351 3.922 0.996 0.342 5.51 0.850 
LMLR 0.303 1.905 0.769 0.312 3.783 1.012 0.233 5.20 0.753 
LMSR 0.322 2.655 0.945 0.268 4.544 1.224 0.344 8.70 1.000 
SMLR 0.333 1.599 0.756 0.327 4.893 1.070 0.288 6.96 0.899 
SMSR 0.381 2.229 0.875 0.420 3.469 1.106 0.266 5.70 0.829 
NEAR 0.348 3.101 1.083 0.350 6.599 1.035 0.324 8.28 0.939 
NEHRP C 0.324 2.047 0.826 0.318 3.926 1.064 0.254 6.39 0.882 
NEHRP D 0.358 2.402 0.913 0.356 4.265 1.022 0.324 7.37 0.903 
 
Table 7 – Column Displacement Ductility vs. PGV (SRSS) Trend Fit Data 
Bin Bridge Type 1 Bridge Type 2 Bridge Type 3 
Original rotation σ a b σ a b σ a b 
All Bins & Near 0.399 0.0328 1.046 0.388 0.0821 1.050 0.451 0.104 0.930 
All Bins 0.409 0.0361 1.028 0.398 0.0978 0.998 0.464 0.115 0.891 
LMLR 0.306 0.0464 0.990 0.355 0.0873 1.012 0.320 0.126 0.940 
LMSR 0.404 0.0155 1.319 0.381 0.0376 1.310 0.400 0.037 1.284 
SMLR 0.485 0.0375 1.139 0.314 0.1143 1.043 0.455 0.114 0.990 
SMSR 0.409 0.0383 1.092 0.339 0.0947 1.094 0.346 0.106 0.960 
NEAR 0.274 0.0415 0.923 0.218 0.0594 0.978 0.231 0.080 1.062 
NEHRP C 0.444 0.0394 1.020 0.368 0.0866 1.074 0.393 0.113 0.972 
NEHRP D 0.399 0.0346 1.087 0.345 0.0980 1.033 0.396 0.104 0.988 
Latin Hypercube σ a b σ a b σ a b 
All Bins & Near 0.413 0.0313 1.053 0.416 0.0751 1.056 0.432 0.104 0.938 
All Bins 0.426 0.0353 1.018 0.421 0.0908 0.996 0.438 0.115 0.897 
LMLR 0.332 0.0649 0.957 0.339 0.1178 1.012 0.272 0.163 0.837 
LMSR 0.325 0.0128 1.188 0.379 0.0309 1.224 0.391 0.033 1.322 
SMLR 0.511 0.0407 1.151 0.332 0.1056 1.070 0.422 0.114 0.983 
SMSR 0.395 0.0213 1.155 0.341 0.0615 1.106 0.363 0.081 1.047 
NEAR 0.225 0.0270 0.954 0.205 0.0464 1.065 0.237 0.134 0.943 
NEHRP C 0.403 0.0416 1.049 0.329 0.0915 1.064 0.364 0.111 0.966 







Table 8 – Global Column Shear vs. Sa (TGM) Trend Fit Data 
Bin Bridge Type 1 Bridge Type 2 Bridge Type 3 
Original rotation σ a b σ a b σ a b 
All Bins & Near 0.171 2767.0 0.387 0.088 2054.6 0.112 0.191 1265.0 0.265 
All Bins 0.166 3187.1 0.422 0.089 2117.2 0.129 0.181 1421.5 0.322 
LMLR 0.167 2791.4 0.387 0.073 2368.1 0.191 0.154 1521.4 0.332 
LMSR 0.131 3187.1 0.437 0.069 2056.3 0.093 0.180 1267.2 0.252 
SMLR 0.146 2779.2 0.393 0.083 2448.6 0.190 0.198 1780.7 0.427 
SMSR 0.191 2752.1 0.393 0.089 2057.9 0.983 0.150 1322.9 0.265 
NEAR 0.183 2583.0 0.369 0.058 1968.5 0.059 0.081 1016.6 0.058 
NEHRP C 0.168 2842.7 0.229 0.090 2183.6 0.140 0.187 1601.2 0.384 
NEHRP D 0.154 2889.4 0.395 0.076 2099.3 0.108 0.149 1256.0 0.232 
Latin Hypercube σ a b σ a b σ a b 
All Bins & Near 0.187 2791 0.389 0.090 2052.9 0.111 0.204 1286.2 0.273 
All Bins 0.185 2879.2 0.405 0.089 2121.9 0.130 0.195 1451.2 0.333 
LMLR 0.161 3002.8 0.399 0.067 2264.6 0.160 0.149 1492.2 0.311 
LMSR 0.148 3108.5 0.413 0.071 2074.8 0.100 0.191 1293.6 0.261 
SMLR 0.169 2487.6 0.348 0.084 2438.7 0.193 0.213 1925.2 0.461 
SMSR 0.213 2998.4 0.421 0.098 2095.3 0.109 0.181 1345.1 0.285 
NEAR 0.180 2611.6 0.268 0.067 1950.6 0.041 0.029 1013.4 0.022 
NEHRP C 0.174 2847.6 0.387 0.086 2206.9 0.142 0.202 1650.0 0.397 
NEHRP D 0.179 3092.5 0.433 0.0799 2102.2 0.115 0.165 1280.7 0.243 
 
Table 9 – Global Column Shear vs. PGV (SRSS) Trend Fit Data 
Bin Bridge Type 1 Bridge Type 2 Bridge Type 3 
Original rotation σ a b σ a b σ a b 
All Bins & Near 0.399 465.22 1.046 0.388 1315.6 1.050 0.223 405.14 0.255 
All Bins 0.409 429.93 1.028 0.398 1236.7 0.998 0.221 343.37 0.322 
LMLR 0.306 314.1 1.2786 0.355 1166.6 1.012 0.172 337.32 0.361 
LMSR 0.404 313.47 1.319 0.381 1369.5 1.309 0.220 394.86 0.259 
SMLR 0.485 424.9 1.0923 0.314 1151.4 1.043 0.238 246.89 0.477 
SMSR 0.409 892.35 0.923 0.339 1260.9 1.094 0.192 381.10 0.292 
NEAR 0.274 443.43 1.119 0.218 1584.2 0.978 0.078 774.55 0.063 
NEHRP C 0.444 443.34 1.020 0.368 1183 1.074 0.241 295.15 0.392 
NEHRP D 0.399 429.13 1.087 0.345 1368.5 1.033 0.175 441.82 0.235 
Latin Hypercube σ a b σ a b σ a b 
All Bins & Near 0.413 454.91 1.053 0.416 1328.6 1.056 0.234 394.53 0.265 
All Bins 0.426 422.21 1.018 0.421 1243.7 0.996 0.230 327.82 0.340 
LMLR 0.332 526.44 0.957 0.339 1569.9 1.012 0.163 359.85 0.342 
LMSR 0.329 312.36 1.188 0.379 1319.2 1.224 0.231 387.52 0.268 
SMLR 0.511 450.64 1.151 0.332 1133.5 1.070 0.249 223.89 0.524 
SMSR 0.395 301.49 1.155 0.341 1223.0 1.106 0.206 322.05 0.348 
NEAR 0.225 804.71 0.954 0.205 1656.7 1.035 0.028 914.66 0.024 
NEHRP C 0.405 453.38 1.049 0.330 1203.1 1.064 0.249 279.41 0.416 







Table 10 – Column Curvature Ductility vs. Sa (TGM) Trend Fit Data 
Bin Bridge Type 1 Bridge Type 2 Bridge Type 3 
Original rotation σ a b σ a b σ a b 
All Bins & Near 0.445 3.301 1.153 0.519 10.399 1.30 0.526 13.411 1.249 
All Bins 0.415 2.687 1.057 0.508 8.779 1.21 0.512 12.384 1.212 
LMLR 0.372 2.644 0.968 0.437 15.877 1.51 0.468 12.777 1.181 
LMSR 0.383 6.916 1.410 0.391 16.856 1.43 0.482 21.401 1.388 
SMLR 0.293 3.760 1.132 0.516 14.261 1.31 0.404 16.974 1.275 
SMSR 0.374 3.227 1.056 0.580 11.103 1.22 0.331 10.950 1.129 
NEAR 0.406 7.564 1.498 0.440 20.736 1.31 0.521 18.767 1.316 
NEHRP C 0.363 3.582 1.104 0.491 13.561 1.34 0.385 15.202 1.267 
NEHRP D 0.391 5.343 1.292 0.500 15.062 1.39 0.499 16.585 1.212 
Latin Hypercube σ a b σ a b σ a b 
All Bins & Near 0.496 3.525 1.179 0.500 11.08 1.34 0.480 13.978 1.261 
All Bins 0.469 2.708 1.055 0.484 9.24 1.24 0.470 12.658 1.215 
LMLR 0.347 2.759 0.984 0.489 12.90 1.39 0.369 11.608 1.126 
LMSR 0.465 5.012 1.223 0.457 15.55 1.37 0.489 21.478 1.380 
SMLR 0.354 3.875 1.123 0.553 20.02 1.48 0.438 14.702 1.212 
SMSR 0.350 4.522 1.219 0.563 10.89 1.24 0.355 12.641 1.212 
NEAR 0.416 7.529 1.500 0.486 20.32 1.33 0.453 19.256 1.229 
NEHRP C 0.355 3.717 1.105 0.519 12.87 1.30 0.356 13.105 1.206 
NEHRP D 0.411 4.871 1.250 0.533 15.07 1.42 0.460 18.584 1.310 
 
Table 11 – Column Curvature Ductility vs. PGV (SRSS) Trend Fit Data 
Bin Bridge Type 1 Bridge Type 2 Bridge Type 3 
Original rotation σ a b σ a b σ a b 
All Bins & Near 0.535 0.015 1.046 0.610 0.0484 1.05 0.621 0.045 1.319 
All Bins 0.529 0.019 1.028 0.620 00570 1.00 0.642 0.050 1.280 
LMLR 0.354 0.025 0.990 0.593 0.0441 1.01 0.483 0.011 1.356 
LMSR 0.579 0.003 1.319 0.602 0.0101 1.31 0.597 0.058 1.784 
SMLR 0.536 0.021 1.139 0.469 0.0638 1.04 0.673 0.039 1.331 
SMSR 0.575 0.015 1.092 0.636 0.0305 1.09 0.520 0.049 1.371 
NEAR 0.453 0.012 0.923 0.373 0.0615 0.98 0.316 0.050 1.368 
NEHRP C 0.511 0.020 1.020 0.613 0.0449 1.07 0.574 0.039 1.352 
NEHRP D 0.569 0.012 1.087 0.562 0.0362 1.03 0.601 0.050 1.402 
Latin Hypercube σ a b σ a b σ a b 
All Bins & Near 0.555 0.013 1.053 0.609 0.044 1.06 0.592 0.045 1.326 
All Bins 0.546 0.018 1.018 0.614 0.053 1.00 0.605 0.049 1.288 
LMLR 0.442 0.034 0.957 0.594 0.054 1.01 0.422 0.065 1.256 
LMSR 0.526 0.004 1.188 0.588 0.011 1.22 0.575 0.011 1.802 
SMLR 0.551 0.021 1.151 0.555 0.051 1.07 0.609 0.062 1.293 
SMSR 0.584 0.009 1.155 0.586 0.024 1.11 0.507 0.026 1.529 
NEAR 0.378 0.010 0.954 0.372 0.052 1.03 0.335 0.085 1.240 
NEHRP C 0.506 0.021 1.049 0.561 0.044 1.06 0.574 0.053 1.314 






CHAPTER FIVE: CONCLUSION 
 
The increasing availability of computation tools for civil engineering has allowed more 
advanced analysis tools to be used for the design and analysis of seismic bridges. For this reason, 
conventional two-dimensional methodologies are being replaced by more complicated three-
dimensional approaches. In this three-dimensional case, a better understanding of how the three 
orthogonal components of ground acceleration can affect the three-dimensional bridge response 
is needed. This includes understanding parameters such as nonlinearity, incidence angle, and 
sample size which can affect the overall bridge response. A preliminary study investigating the 
effects of incidence angle on elastic response spectra was undertaken for various angle selection 
techniques. Dynamic time history analyses of three different bridge models were then employed 
and probabilistic seismic demand models, sufficiency plots, and convergence trends were used to 
evaluate the response. Based on this data, it was shown that when large sample sizes of 
earthquake records are used, the incidence angle has no significant effect on the mean response 
of the structure. However, it should be noted that when observing a single response, the 
incidence angle can indeed severely influence structural response.  
Results from the elastic response spectrum study showed that the incidence angle had no 
significant effect when computing combinations of the two orthogonal responses. However, 
when the maximum response of a single structural direction is of interest, the major principal 
component of excitation should be oriented coincident with that axis. The GM of the orthogonal 
components of response produced results approximately equal to that of an individual response, 
while the SRSS combination produces an increase in the response. Consequently because these 




response will likely occur using the SRSS combination. Thus, the GM may provide a more 
suitable combination rule for maxima as compared to SRSS. However, it is likely that a most 
accurate combination of maxima will be located somewhere between the GM and the SRSS. 
The multi-degree-of-freedom surface spectra computed for this study illustrated how 
cross effect can significantly affect structural response for period ranges that would not 
necessarily be associated with large response. Comparing instantaneous and non instantaneous 
combinations of the response, it was shown that non instantaneous combinations had indeed over 
predicted maximum response. Comparing the SRSS of the instantaneous combination, thought to 
be the true based on vector sums, with the GM of the non instantaneous solution, results showed 
that the GM of maxima under predicted response and is therefore not a good method for 
combining orthogonal response. De-amplification was found to occur in regions where the first 
natural period was three times that of the second natural period and the SDOF surface spectra 
controlled the maximum response in these regions. 
Probabilistic seismic demand models for the simulation of the bridge models showed that 
incidence angle had no significant effect on performance trends when large sample sizes were 
used. However, when looking at ground motion record bins of similar magnitude-distance-soil 
type, a smaller number of samples were needed to produce reasonable PSDMs. Trending 
parameters as well as dispersion required at least 20 samples to show evidence of convergence 
and approximately 100 samples to predict reasonable values of convergence. The spectral 
acceleration computed through the GM provided a more accurate intensity measure for 
predicting response as compared with the peak ground velocity computed through the SRSS. 
Engineering demand parameters that calculate residual response showed the greatest dispersion 




response and other intensity measures should be studied for better predicting residual response. 
When observing column shear or moment, bi linear fits should be implemented to capture both 










Table 12 – Originally Ground Motion Suite 








Hector Mine Joshua Tree 1999 0.150 7.13 31.06 179.7 
Loma Prieta Bear Valley #5 Callens Ranch 1989 0.066 6.93 53.6 48.7 
Loma Prieta Fremont - Mission San Jose 1989 0.128 6.93 39.51 132.4 
Loma Prieta Hayward - BART Sta 1989 0.162 6.93 54.15 94.6 
Loma Prieta Hayward City Hall - North 1989 0.051 6.93 55.11 135.9 
Loma Prieta Sunol - Forest Fire Station 1989 0.077 6.93 47.57 74.1 
Loma Prieta Woodside 1989 0.080 6.93 34.09 140.2 
Northridge-01 Alhambra - Fremont School 1994 0.088 6.69 36.77 69.3 
Northridge-01 LA - Cypress Ave 1994 0.206 6.69 30.7 89.2 
Northridge-01 LA - N Figueroa St 1994 0.153 6.69 31.16 171.2 
Northridge-01 San Gabriel - E Grand Ave 1994 0.209 6.69 39.31 144.2 
Northridge-01 LB - City Hall 1994 0.042 6.69 57.68 158.3 
Northridge-01 LB - Rancho Los Cerritos 1994 0.069 6.69 51.89 173.1 
Northridge-01 Lawndale - Osage Ave 1994 0.115 6.69 39.91 161.9 
Northridge-01 Leona Valley #4 1994 0.076 6.69 37.57 92.3 
Northridge-01 Duarte - Mel Canyon Rd. 1994 0.056 6.69 48.63 82.1 
Northridge-01 Glendora - N Oakbank 1994 0.061 6.69 53.94 174.1 
Northridge-01 Pasadena - N Sierra Madre 1994 0.234 6.69 36.12 69.4 
San Fernando Pearblossom Pump 1971 0.139 6.61 38.97 163.5 
San Fernando Puddingstone Dam (Abutment) 1971 0.065 6.61 52.64 120.4 
Cape Mendocino Eureka - Myrtle & West 1992 0.167 7.01 41.97 149.5 
Hector Mine Morongo Valley 1999 0.085 7.13 53.17 126.0 
Hector Mine Desert Hot Springs 1999 0.074 7.13 56.4 95.2 
Imperial Valley-06 Coachella Canal #4 1979 0.122 6.53 50.1 149.2 
Imperial Valley-06 Niland Fire Station 1979 0.086 6.53 36.92 176.0 
Loma Prieta Fremont - Emerson Court 1989 0.165 6.93 39.85 137.7 
Loma Prieta Halls Valley 1989 0.116 6.93 30.49 135.0 
Loma Prieta Palo Alto - 1900 Embarc. 1989 0.209 6.93 30.81 100.1 
Loma Prieta SF Intern. Airport 1989 0.285 6.93 58.65 137.5 
Northridge-01 Camarillo 1994 0.115 6.69 40.34 80.0 
Northridge-01 Lakewood - Del Amo Blvd 1994 0.130 6.69 56.92 140.8 
Northridge-01 Elizabeth Lake 1994 0.133 6.69 36.55 132.8 
Northridge-01 Lancaster - Fox Airfield Grnd 1994 0.074 6.69 52.12 155.7 
Northridge-01 Leona Valley #6 1994 0.142 6.69 38.03 91.6 
Northridge-01 Baldwin Park - N Holly 1994 0.108 6.69 47.98 141.1 
Northridge-01 LA - Obregon Park 1994 0.467 6.69 37.36 157.4 
Northridge-01 Port Hueneme - Naval Lab. 1994 0.097 6.69 51.79 87.3 
Northridge-01 La Puente - Rimgrove Av 1994 0.115 6.69 56.59 53.3 
San Fernando Gormon - Oso Pump Plant 1971 0.087 6.61 46.78 107.3 
San Fernando Whittier Narrows Dam 1971 0.116 6.61 39.45 179.8 
Cape Mendocino Fortuna - Fortuna Blvd 1992 0.118 7.01 19.95 57.4 
Cape Mendocino Shelter Cove Airport 1992 0.195 7.01 28.78 66.5 
Imperial Valley-06 Superstition Mtn Camera 1979 0.160 6.53 24.61 170.8 
Loma Prieta Anderson Dam (Downstream) 1989 0.239 6.93 20.26 134.4 




Table 12 - Originally Ground Motion Suite 








Loma Prieta UCSC 1989 0.342 6.93 18.51 162.4 
Loma Prieta WAHO 1989 0.517 6.93 17.47 172.9 
Northridge-01 
LA - Wadsworth VA Hospital 
South 
1994 0.339 6.69 23.6 146.2 
Northridge-01 LA - Fletcher Dr 1994 0.207 6.69 27.26 150.3 
Northridge-01 Glendale - Las Palmas 1994 0.256 6.69 22.21 96.4 
Northridge-01 Moorpark - Fire Sta 1994 0.229 6.69 24.76 144.1 
Northridge-01 La Crescenta - New York 1994 0.173 6.69 18.5 102.0 
Northridge-01 Castaic - Old Ridge Route 1994 0.490 6.69 20.72 163.8 
Northridge-01 Pacific Palisades - Sunset 1994 0.332 6.69 24.08 100.9 
Northridge-01 LA - UCLA Grounds 1994 0.391 6.69 22.49 160.0 
Northridge-01 LA - W 15th St 1994 0.129 6.69 29.74 158.9 
San Fernando Lake Hughes #1 1971 0.126 6.61 27.4 74.7 
San Fernando Lake Hughes #12 1971 0.330 6.61 19.3 117.0 
San Fernando Castaic - Old Ridge Route 1971 0.299 6.61 22.63 178.7 
San Fernando Pasadena - CIT Athenaeum 1971 0.101 6.61 25.47 171.2 
Imperial Valley-06 Calipatria Fire Station 1979 0.103 6.53 24.6 62.3 
Imperial Valley-06 Compuertas 1979 0.160 6.53 15.3 78.6 
Imperial Valley-06 Delta 1979 0.285 6.53 22.03 170.3 
Imperial Valley-06 El Centro Array #12 1979 0.138 6.53 17.94 68.8 
Imperial Valley-06 Westmorland Fire Sta 1979 0.086 6.53 15.25 131.8 
Loma Prieta Capitola 1989 0.480 6.93 15.23 109.6 
Loma Prieta Coyote Lake Dam (Downst) 1989 0.172 6.93 20.8 145.2 
Loma Prieta Gilroy Array #7 1989 0.312 6.93 22.68 139.3 
Loma Prieta Hollister Diff. Array 1989 0.264 6.93 24.82 177.4 
Loma Prieta Sunnyvale - Colton Ave. 1989 0.212 6.93 24.23 148.7 
Northridge-01 LA - Baldwin Hills 1994 0.204 6.69 29.88 114.9 
Northridge-01 LA - Centinela St 1994 0.369 6.69 28.3 141.3 
Northridge-01 Santa Monica City Hall 1994 0.591 6.69 26.45 94.7 
Northridge-01 LA - Saturn St 1994 0.454 6.69 27.01 170.4 
Northridge-01 Tarzana - Cedar Hill A 1994 1.662 6.69 15.6 122.3 
Northridge-01 Hollywood - Willoughby Ave 1994 0.198 6.69 23.07 172.4 
Northridge-01 LA - N Westmoreland 1994 0.370 6.69 26.73 148.2 
San Fernando LA - Hollywood Stor FF 1971 0.210 6.61 22.77 67.5 
Superstition Hills-
01 
Wildlife Liquef. Array 1987 0.137 6.22 17.59 48.2 
Superstition Hills-
02 
El Centro Imp. Co. Cent 1987 0.293 6.54 18.2 79.2 
Coalinga-01 Parkfield - Cholame 4W 1983 0.137 6.36 46.35 136.8 
Coalinga-01 Parkfield - Fault Zone 3 1983 0.152 6.36 37.22 154.7 
Coalinga-01 Parkfield - Gold Hill 3E 1983 0.091 6.36 30.07 98.6 
Coalinga-01 Parkfield - Gold Hill 2W 1983 0.078 6.36 37.02 136.9 
Coalinga-01 Parkfield - Gold Hill 3W 1983 0.132 6.36 39.12 109.7 
Coalinga-01 Parkfield - Gold Hill 4W 1983 0.077 6.36 41.1 176.5 
Coalinga-01 Parkfield - Gold Hill 5W 1983 0.061 6.36 43.64 109.4 




Table 12 – Originally Ground Motion Suite 








Coalinga-01 Parkfield - Vineyard Cany 6W 1983 0.064 6.36 40.92 67.4 
Coalinga-01 Parkfield - Fault Zone 6 1983 0.058 6.36 32.87 135.2 
Coalinga-01 Parkfield - Fault Zone 7 1983 0.122 6.36 31.21 109.7 
Coalinga-01 Parkfield - Fault Zone 10 1983 0.100 6.36 31.62 169.6 
Whittier Narrows-
01 
Mill Creek Angeles Nat For 1987 0.080 5.99 36.79 104.0 
Whittier Narrows-
01 
Rancho Cucamonga - FF 1987 0.055 5.99 44.54 146.7 
Whittier Narrows-
01 
N Hollywood - Coldwater Can 1987 0.171 5.99 33.11 169.6 
Whittier Narrows-
01 
Sunland - Mt Gleason Ave 1987 0.083 5.99 30.37 65.8 
Whittier Narrows-
01 
Malibu - Las Flores Canyon 1987 0.055 5.99 48.64 126.2 
Whittier Narrows-
01 
Lawndale - Osage Ave 1987 0.060 5.99 30.04 145.6 
Whittier Narrows-
01 
Pacoima Kagel Canyon 1987 0.156 5.99 36.11 164.4 
Whittier Narrows-
01 
Sylmar - Olive View Med FF 1987 0.056 5.99 42.34 174.3 
Coalinga-01 Parkfield - Cholame 1E 1983 0.095 6.36 43.68 168.4 
Coalinga-01 Parkfield - Cholame 2WA 1983 0.111 6.36 44.72 111.9 
Coalinga-01 Parkfield - Cholame 5W 1983 0.136 6.36 48.7 133.0 
Coalinga-01 Parkfield - Cholame 6W 1983 0.114 6.36 50.2 61.4 
Coalinga-01 Parkfield - Fault Zone 1 1983 0.143 6.36 41.99 106.6 
Coalinga-01 Parkfield - Fault Zone 2 1983 0.123 6.36 38.95 138.2 
Morgan Hill Capitola 1984 0.118 6.19 39.08 154.5 
N. Palm Springs Anza Fire Station 1986 0.089 6.06 42.36 99.0 
N. Palm Springs Winchester Page Bros R 1986 0.112 6.06 38.22 150.2 
N. Palm Springs Hemet Fire Station 1986 0.128 6.06 34.71 116.2 
N. Palm Springs Indio 1986 0.095 6.06 35.57 174.0 
N. Palm Springs Sunnymead 1986 0.126 6.06 37.87 175.3 
Whittier Narrows-
01 
Canoga Park - Topanga Can 1987 0.140 5.99 48.96 163.4 
Whittier Narrows-
01 
Studio City - Coldwater Can 1987 0.204 5.99 31.06 156.2 
Whittier Narrows-
01 
Pacoima Kagel Canyon USC 1987 0.133 5.99 36.29 131.0 
Whittier Narrows-
01 
Canyon Country - W Lost Cany 1987 0.104 5.99 48.18 52.5 
Whittier Narrows-
01 
Panorama City - Roscoe 1987 0.107 5.99 36.55 169.2 
Whittier Narrows-
01 
Sun Valley - Roscoe Blvd 1987 0.193 5.99 34.99 103.8 
Whittier Narrows-
01 
Northridge - 17645 Saticoy St 1987 0.144 5.99 41.69 99.1 
Whittier Narrows-
01 
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Coalinga-01 Parkfield - Fault Zone 8 1983 0.120 6.36 29.94 126.1 
Coalinga-01 Parkfield - Fault Zone 15 1983 0.166 6.36 29.38 73.5 
N. Palm Springs Cranston Forest Station 1986 0.157 6.06 27.5 163.8 
N. Palm Springs San Jacinto - Soboba 1986 0.231 6.06 23.31 141.5 
Westmorland Superstition Mtn Camera 1981 0.101 5.9 19.37 168.9 
Whittier Narrows-01 Altadena - Eaton Canyon 1987 0.220 5.99 19.52 75.3 
Whittier Narrows-01 La Habra - Briarcliff 1987 0.154 5.99 20.28 88.6 
Whittier Narrows-01 Brea Dam (Downstream) 1987 0.231 5.99 23.99 156.1 
Whittier Narrows-01 Pasadena - CIT Bridge Lab 1987 0.161 5.99 17.3 152.1 
Whittier Narrows-01 Pasadena - CIT Calif Blvd 1987 0.225 5.99 17.3 172.3 
Whittier Narrows-01 LA - Cypress Ave 1987 0.137 5.99 16.97 112.3 
Whittier Narrows-01 LA - N Figueroa St 1987 0.150 5.99 16.53 173.2 
Whittier Narrows-01 San Gabriel - E Grand Ave 1987 0.238 5.99 15.2 103.6 
Whittier Narrows-01 Pasadena - CIT Lura St 1987 0.331 5.99 17.3 153.4 
Whittier Narrows-01 La Crescenta - New York 1987 0.153 5.99 26.04 168.4 
Whittier Narrows-01 Glendora - N Oakbank 1987 0.096 5.99 22.11 178.6 
Whittier Narrows-01 Pasadena - Old House Rd 1987 0.262 5.99 19.17 81.5 
Whittier Narrows-01 Orange Co. Reservoir 1987 0.196 5.99 22.84 99.8 
Whittier Narrows-01 Pasadena - CIT Athenaeum 1987 0.140 5.99 17.24 89.2 
Whittier Narrows-01 San Marino - SW Academy 1987 0.168 5.99 15.94 179.1 
Chalfant Valley-02 Bishop - LADWP South St 1986 0.206 6.19 17.17 58.7 
Chalfant Valley-02 Lake Crowley - Shehorn Res. 1986 0.123 6.19 24.47 105.6 
Coalinga-01 Cantua Creek School 1983 0.281 6.36 24.02 158.6 
Coalinga-01 Parkfield - Vineyard Cany 1E 1983 0.182 6.36 26.38 148.5 
Coalinga-01 Parkfield - Fault Zone 14 1983 0.271 6.36 29.48 64.3 
Morgan Hill Hollister Diff Array #4 1984 0.102 6.19 26.43 159.3 
N. Palm Springs Hurkey Creek Park 1986 0.214 6.06 29.83 160.6 
Superstition Hills-01 Wildlife Liquef. Array 1987 0.137 6.22 17.59 48.2 
Westmorland Brawley Airport 1981 0.157 5.9 15.41 114.6 
Westmorland Niland Fire Station 1981 0.134 5.9 15.29 156.0 
Westmorland Parachute Test Site 1981 0.219 5.9 16.66 94.5 
Whittier Narrows-01 Covina - W Badillo 1987 0.107 5.99 18.59 84.2 
Whittier Narrows-01 LA - Baldwin Hills 1987 0.150 5.99 25.94 150.6 
Whittier Narrows-01 Burbank - N Buena Vista 1987 0.190 5.99 26.34 139.2 
Whittier Narrows-01 Lakewood - Del Amo Blvd 1987 0.234 5.99 26.68 82.5 
Whittier Narrows-01 Santa Fe Springs - E.Joslin 1987 0.433 5.99 18.49 127.7 
Whittier Narrows-01 El Monte - Fairview Av 1987 0.189 5.99 15.67 167.8 
Whittier Narrows-01 LB - Orange Ave 1987 0.215 5.99 24.54 81.7 
Whittier Narrows-01 La Puente - Rimgrove Av 1987 0.129 5.99 17.75 127.2 









Table 13 – Near Fault Ground Motion Bin (Bridge Analysis) 







Coalinga-01 Pleasant Valley 1983 0.32 6.36 9.98 NA 
Imperial Valley-06 Aeropuerto Mexicali 1979 0.34 6.53 2.47 NA 
Imperial Valley-06 Bonds Corner 1979 0.69 6.53 6.2 NA 
Imperial Valley-06 Calexico Fire Station 1979 0.23 6.53 17.65 NA 
Imperial Valley-06 El Centro Array #5 1979 0.45 6.53 27.8 NA 
Imperial Valley-06 EC County Center FF 1979 0.22 6.53 29.07 NA 
Imperial Valley-06 SAHOP Casa Flores 1979 0.36 6.53 12.43 NA 
Imperial Valley – 06 El Centro Array #9 1979 0.26 6.53 12.99 NA 
Loma Prieta Gilroy Array #2 1989 0.35 6.93 29.77 NA 
Loma Prieta Gilroy Historic Bldg. 1989 0.26 6.93 28.11 NA 
Morgan Hill Halls Valley 1984 0.21 6.19 3.94 NA 
Northridge-01 LA - Sepulveda VA Hosp 1994 0.80 6.69 8.48 NA 
Northridge-01 Jensen Filter Plant 1994 0.76 6.69 12.97 NA 
Northridge-01 Newhall - Fire Sta 1994 0.70 6.69 20.27 NA 
Northridge-01 Rinaldi Receiving Sta 1994 0.63 6.69 10.91 NA 
Northridge-01 Sylmar - Converter Sta 1994 0.71 6.69 13.11 NA 
Northridge-01 Sylmar - Olive View Med FF 1994 0.70 6.69 16.77 NA 
Parkfield Cholame - Shandon Array #8 1966 0.26 6.19 34.01 NA 
Whittier Narrows-01 Bell Gardens Jabonerial 1987 0.25 5.99 11.77 NA 

























Table 14 –Complete Rotated Suite vs. Originally Recorded Suite Response Spectra 





















































































































































































































Table 14 –Complete Rotated Suite vs. Originally Recorded Suite Response Spectra 



























































































































































Table 15 - Complete Rotated Suite vs. Latin Hypercube Response Spectra 





































































































































































































Table 15 - Complete Rotated Suite vs. Latin Hypercube Response Spectra 
























































































































































Table 16 - Complete Rotated Suite vs. Principal Angle Response Spectra 










































































































































































































Table 16 - Complete Rotated Suite vs. Principal Angle Response Spectra 

























































































































































Displacement - GM – Instantaneous Displacement – GM – Maxima Combo 
  







Table 17 - Geometric Mean of MDOF Coupled Spectra 
  











Displacement – SRSS - Instantaneous Displacement – SRSS - Maxima Combo 
  







Table 18 - SRSS of MDOF Coupled Spectra 
  







Figure 42 – Bridge Type 1 Column Section Hysteresis 
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